Abstract. We combine Hα imaging and broad-band optical and NIR imaging over the face of the barred galaxy NGC 3359, obtained within the BARS program on the Canary Island telescopes.
Introduction
Since the work of Hodge and Kennicutt in the 1970 's and 1980 's (e.g. Hodge 1976 Kennicutt 1984 Kennicutt, Edgar & Hodge 1989 ) it has become increasingly clear that the set of Hii regions in a spiral, or irregular galaxy, is worth studying as a population, i.e. for its statistical properties as well as for the detailed physical properties of the individual Hii regions. As well as being of key importance for the energy balance of the interstellar medium as a whole, the Hii region population reflects, in a manner readily observable, the parameters of the massive exciting stars within the Hii regions, and is therefore of Send offprint requests to: J.E. Beckman interest in the continuing study of the star formation rate (SFR) and the initial mass function (IMF) at the massive end of the stellar mass range (Kennicutt 1992 ). The number of complete studies of this type both before, and since the beginning of the CCD era, is relatively restricted. We ourselves have contributed a series of studies of the statistical properties of the Hii region in NGC 4321 (Cepa & Beckman 1990 ), NGC 3992 (Cepa & Beckman 1989) , NGC 6814 (Knapen et al. 1993) , NGC 157, NGC 3631, NGC 6764 and NGC 6951 (Rozas, Beckman & Knapen 1996a; Rozas, Knapen & Beckman 1996b ) and of NGC 7479 (Rozas et al. 1999b ). In these papers we concentrated mainly on the Hii region luminosity functions (LF's) in Hα and their global properties, as well as the disc-wide geometrical distribution of emission, although in Rozas et al. (1996b) , as well as in Rozas, Castañeda & Beckman (1998) we derived the internal physical parameters: emission measure, electron density, and total mass of representative samples of, especially, the most luminous Hii regions. Other studies based on statistical properties of Hii regions in spiral galaxies have been presented by Rand (1992) , Ryder & Dopita (1993) , Hodge & Miller (1995) , Feinstein (1997) , Knapen (1998) .
In the present study we offer a complete study of the Hii regions in NGC 3359 combined with broad-band optical and NIR imaging.
In Sect. 2 we explain the observational and data reduction procedures, in Sect. 3 we describe the construction of the Hii region catalogue. Sect. 4 shows the luminosity function and the diameter distribution, and in Sect. 5 we analyze the distribution of the ionized gas. In Sect. 6 we derive some of the physical properties of the Hii regions. In Sect. 7 we compare the measured diffuse Hα flux in the disc of NGC 3359 with the computed ionizing flux escaping from the density bounded Hii regions, and in Sect. 8 we set out our conclusions.
NGC 3359
NGC 3359 is a strongly barred galaxy, classified as SBc(s) 1.8 (Sandage & Tammann 1981) or SBc(rs) by de Vaucouleurs et al. (1991) . From its radial velocity of 1008 km s −1 , using Ho = 75 km s −1 Mpc −1 , we obtain a distance of 13.4 Mpc. NGC 3359 was first observed in Hα by Hodge (1969) , in the near IR by Elmegreen (1981) and in CO by Stark, Elmegreen & • Chaude (1987) , and by Braine & Combes (1992) , but the most detailed studies of this galaxy have been undertaken using Hi. The structure and kinematics of the neutral atomic hydrogen were analyzed in detail by Gottesman (1982) and by Ball (1986) , with best resolutions of 42 ×31 and 24.5 km s −1 , and 18 and 25 km s −1 respectively. The most important results of these papers were the distribution of the Hi in clumps, and the low surface density within the annular zone of strong star formation, which can be explained as due to the effect of the bar in sweeping up gas as it rotates. Striking non-circular velocities in Hi, of up to 45 km s −1 were found around the bar. Ball (1992) produced a hydrodynamical analysis of the galaxy, reproducing the gas kinematics with models based on the stellar density in the bar, though he concluded that the spiral structure of the galaxy could not be directly reproduced from calculation of the non-axisymmetric potential obtained from surface photometry of the stellar bar, since the force thus obtained falls off too quickly at large radii.
The global properties of the galaxy are set out in Table 1 .
Observations and reduction of the data

The Hα image
The observations of the image of NGC 3359 in Hα were carried out the night of February 12 th , 1996, on the Isaac Newton Telescope, La Palma, in the context of the BARS international time project of the Canary Island Observatories. A CCD TeK-7 detector was used, with a projected pixel size of 0.59 × 0.59 arcsec. The observing conditions were good, with a seeing of 1 arcsec (FWHM measured in the final image), and the sky photometric. Two exposures were taken, one through a filter whose central wavelength (6594/44Å) coincided with the red-shifted Hα from the galaxy, the other, displaced in wavelength (6686/44Å) to permit precise continuum subtraction. The bandwidth of the filter (44Å) includes emission from the [Nii] emission lines. However, the contribution of these lines to the measured Hα fluxes accounting for the total intensity of [Nii] lines and the filter transmission at the given wavelengths, give place to a maximum contribution of 10% in the measured fluxes.
Standard image reduction routines were used: the bias was subtracted and the images corrected using the appropriate flats. Afterwards the images were aligned, and cleaned of cosmic ray effects, and the continuum image then subtracted from the other, leaving an image in Hα surface brightness. The scaling factor for the continuum subtraction was 0.93 with uncertainty less than 5%. The procedure is described in more detail in Rozas et al. (1996a) . Finally, the astrometry of the image was carried out identifying our foreground stars in the Palomar Plates. The accuracy of the astrometry is better than 0.4 pix. Absolute flux calibration was performed via observations of standard stars from the list of Filippenko & Greenstein (1984) . The Hα luminosity corresponding to an instrumental count is 2.61 × 10 33 erg s −1 count −1 . In Fig. 1 we show a grey scale representations of the Hα continuum-subtracted image of NGC 3359. As shown in this figure, it has well defined arms, well endowed with Hii regions. The bar has a deprojected length of 2.9 arcmin (corresponding to a radial length of ∼9 kpc), and it dominates the total Hα emission of the galaxy, due to a chain of brilliant Hii regions along its length. Outside the bar, the majority of the Hii regions in the disc are concentrated within an annular zone, with fainter regions distributed along the spiral arms. The intensities of the latter are very disparate, with the western arm being much brighter, as well as bigger and better defined, with more vigorous star formation than the opposing arm. This asymmetry is not seen in Hi, (Ball 1986) , in which a far greater degree of large-scale symmetry is found. The slope of the Hα luminosity function (LF) of the Hii regions (see Sect. 4) is within the range of values found previously for populations of galaxies of similar morphological type by and by Rozas et al. (1996a) .
The U and I images
The images in the U and I bands were taken at the prime focus of the Isaac Newton Telescope, La Palma, also within the context of the BARS international time project. An EEV TeK-3 chip was used with a projected pixel size of 0.59 × 0.59 . Again the observing conditions were good, with a seeing of 1 arcsec (FWHM in the final image) and the sky photometric. The exposure times were 1800 s. for the U image and 600 s. for the I image. Standard reduction routines were used: the images were bias and flat-field corrected, sky subtracted, and cleaned of cosmic ray tracks. The calibration was performed with known standards.
The images in the two photometric bands were aligned by fitting Gaussian profiles to a number of field stars in the images. This was done in order to construct colour maps. We also obtained the exact resolution from these fits. This positioning was performed to a precision of better than 0.8 of a pixel, much better than the resolution of the images. The positions of some of the stars, as determined using the Hubble Space Telescope Guide Star Catalog, and the position of the center of the galaxy were used to place the images on a corrected R.A.-declination grid with an estimated precision of a few arcsec.
The K image
The K-band image was obtained on the Carlos Sánchez infrared telescope on the Observatorio del Teide, Tenerife, using the CAIN infrared camera. This has an array of 256×256 pixels, with pixel size 1 × 1 arcsec. Thirty exposures of the galaxy, interlaced with thirty on the sky were summed and subtracted respectively to give the final image using a standard IR technique. The standard data reduction procedures of bias-subtraction, flatfielding, and averaging were applied to produce the final frame. The resolution of the final image is some 1.8 arcsec. The image was calibrated with known standard stars.
Construction of the Hii region catalogue
In Fig. 1 we give a plot of the spatial distribution of the ionized gas. In all we catalogued 547 Hii regions, giving their positions, fluxes in Hα, and equivalent radii. Before obtaining the catalogue we flagged the foreground stars, which are relatively easy to distinguish from Hii regions by their regular circular shapes prior to continuum subtraction, and because they show much higher continuum intensities than the Hii regions. To select an Hii region against background Hα, we specified that a region must contain at least nine contiguous pixels in a non-filamentary configuration, each with an intensity at least three times the rms noise level of the local background. An object not meeting this criterion was not distinguishable from noise, and was treated as noise. This selection criterion led automatically to observational lower limits to the luminosity of the detected Hii regions, and the minimum radius of a catalogued region which are, respectively, log L Hα = 36.7 erg s −1 and ∼ 50 pc. There were three complicating effects to take care of when identifying the Hii regions and quantifying their observable parameters. Firstly, many regions overlap on the image, which is of course a projection of the disc structure onto a plane. We did not attempt to analyze the fraction of these overlaps implying physical contact, we adopted the solution proposed by Rand (1992) , and followed in Knapen et al. (1993) , and later in Rozas et al. (1996a) of counting each peak in Hα as coming from a separate Hii region. The flux of each region was then estimated by integrating over the pixels which could reasonably be attributed to a given region. Using this method, one will miss some Hii regions which are too weak to be detected in the vicinity of stronger emitters close by, which will affect the lower luminosity end of the LF, but has a negligible effect on the true determination of the LF above a definable completeness limit (Rand 1992) . Secondly, an Hii region is not necessarily circular, and we adopted as an effective radius for each region the mean of the maximum and minimum radii measured. Thirdly the presence of diffuse Hα around an Hii region may lead to difficulty in defining its edges, introducing systematic errors above all for the faintest regions (Zurita et al. 2000, in preparation) . The detection and cataloguing of the Hii regions were performed using a suite of programs developed for this purpose by C. Heller, used also in Rozas et al. (1999a) to analyze the regions in NGC 7479. The program identifies a region, measures the position of its centre, obtains its area in pixels, and computes its total Hα flux, integrating over all the pixels of the region, and subtracting the sky value. The program will be described in detail in a forthcoming paper (Heller et al. 2000, in preparation) . As the background was variable across the frame, we picked some 150 background areas with a circular aperture of radius 3 pixels, and the background value applied to a given Hii region was that corresponding to the mean value Rand 1992; Knapen et al. 1993; Rozas et al. 1996a Rozas et al. , 1999a . We also show the single linear fit for comparison. The error bars show the statistical uncertainty in a given luminosity bin.
of the nearest selected area. We ran a series of trials, which showed that the uncertainties in the fluxes of the regions caused by background variation and uncertainty in defining the edges of a region range from 10% for the faintest regions catalogued to 1% for the brightest. The analysis code is automatic, but then allows interactive fine adjustments to the catalogue, by deleting, adding, separating, or rounding the regions by hand, (the latter if the automatic process produced very extended very faint wings of irregular shape). The final number of regions catalogued in NGC 3359 is 547. For all of these we found coordinate offsets from the nucleus in R.A. and dec and deprojected distances to the centre of the galaxy in arcsec, using the inclination angle and position angle given by Grosbøl (1985) , (i = 53
• , PA=170
• ) which are in fair agreement with those derived from our kinematic data (Rozas et al. 1999b) . We also measured the diameter, and the Hα luminosity in erg s −1 , for each Hii region. The catalogue is available via the CDS or directly from the authors. In Fig. 2 we give a schematic diagram of the positions of the Hii regions in the disc of NGC 3359, on a deprojected RA-dec grid, centred on the nucleus of the galaxy.
Statistical properties
Luminosity function
All the Hii regions in the catalogue, represented in Fig. 2 , are plotted in the luminosity function (LF) in Fig. 3 ; the plot is logarithmic, with luminosity bins of 0.2 dex. At the high luminosity end the plot is limited by the luminosity of the brightest region, and at the low luminosity end by our detection criteria; the limits are log L Hα = 39.6 and log L Hα = 36.7 (in erg s −1 ) respectively. The completeness limit is, however, 37.0 so that the apparent peak in the distribution just below this luminosity is an artefact due to a combination of the logarithmic representation (equal logarithmic bins represent decreasing linear bins) and observational selection. The best straight line fit to the data points above log L Hα = 37 (erg s −1 ) corresponds to a power law dN (L) = AL α dL has a gradient -0.69±0.06 (i.e. to α = −1.69 ± 0.06). From our previous studies of ghe LF's of Hii regions in spirals (Rozas et al. 1996b; Beckman et al. 2000; Rozas et al. 1999a ) we expected to find a change in slope at log L Hα = 38.6 (erg s −1 ), and in fact this change is evident for NGC 3359. The corresponding double linear fit to the plotted data gave two values of α: α = -1.44±0.02 for the luminosity range below log L Hα =38.60 (erg s −1 ), and -2.10±0.12 for the range above this dividing luminosity. The correlation coefficients for the rms fits are, for the single linear fit, -0.969, and for the double linear fit, -0.979 and -0.978, respectively. The LF for NGC 3359 is thus similar to the LF's of other spirals showing the change of gradient in the luminosity at log L Hα =38.60 (erg s −1 ) which we have attributed to the change in regime from ionization bounding at lower luminosities to density bounding at higher values (Rozas et al. 1996b; Beckman et al. 2000; Rozas et al. 1999a ).
Diameter distribution
In Fig. 4 we present the integral diameter distribution: the number of Hii regions with diameters greater than a given value as a function of diameter. Previous studies (van den Bergh 1981; Hodge 1987; Cepa & Beckman 1989; Ye 1992; Knapen et al. 1993; Rozas et al. 1996a; Knapen 1998; Rozas et al. 1999a ) have shown that this distribution can be well fitted by an exponential: . These values are both within the ranges found previously for late type spirals, given in the references cited in the present paragraph.
The distribution of the ionized gas
The major part of the Hα emission comes from the Hii regions, but there is substantial flux which comes from zones where there are no peaks in the widespread, low level emission. These zones do not present Hii regions, but a diffuse component, which is often associated with the most luminous Hii regions, but is detected across the whole face of the galaxy, including the interarm, and the central zones. The Hii regions are strongly concentrated in the arms and the bar, but not distributed symmetrically, as one arm has far more of them than the other. The Hii region distribution coincides in large measure with the Hi distribution analyzed by Ball (1986) . The two arms both stand out in both types of emission, though the Hi distribution is notably more symmetric. Most notable are the string of very luminous Hii regions along the bar, and the strong bursts of star formation at its ends.
In Fig. 5 we show the flux density distribution of the Hii regions across the face of the galaxy, with the Hα flux distribution, normalized to the value in the innermost bin, overlaid on that in the I-band. In Fig. 6 we show the number density distribution of the Hii regions. Both of these plots are on linear scales, in ordinate (intensity) and in abscissa (distance from the centre). The fluxes were computed dividing the image into rings, using the P.A. and i of the galaxy to deproject, each of width 4 , and calculating the flux per unit area in each ring. The central value was not plotted as the radial interval gave too small an area for a reliable point. As expected for a disc galaxy, there is a decline in flux density radially outwards, but another notable feature of Fig. 5 is the presence of peaks and troughs within the general trend. There is a prominent peak at 50 arcsec from the centre, due to the quasi-annular zone of star formation formed by the inner spiral arms, while the smaller peaks between 70 and 120 arcsec radius correspond to peaks in the star formation density along the most prominent spiral arm.
The underlying radial flux density distribution can be fitted by an exponential of the form
(1) from which we derive a value for the Hα scale length, h Hα = (2.3±0.2) kpc.
In the case of the emission in the I-band we derive a value for the I scale length, h I = (1.95±0.05) kpc.
With the broad band images aligned (see Sect. 2.2), colour images were produced in the standard way by subtraction in magnitude of the calibrated individual single-band images. Since the observational resolution varied from image to image, in each case the sharper had to be convolved with an appropriate gaussian to yield the resolution of the other before combining the two. We present here three images with complementary morphological information: U-I with a resolution of 1.1 , in Fig. 7 ; an overlay of I on Hα in Fig. 8 , an overlay of U on I in Fig. 9 , I-K with a resolution of 1.9 in Fig. 10 . The resolutions have not been matched in the overlays, which are for morphological illustration.
The U-I image is a clear representation of recent star formation across the galaxy, and the star-forming zones correspond perfectly to those picked out in Hα in Figs. 1 and 8 . In Fig. 7 the white areas in U-I (the bluest in U-I) are more extensive than the bright Hα areas in Fig. 1 , but this is due mainly to the higher S:N ratio in the colour image. The diffuse component in U-I delineates continuum scattered preferentially in U from the dust in the interstellar medium, and is strongest where there is enough dust to scatter well, but not enough to extinguish the U-band light, i.e. in the zones surrounding the spiral arms. It is also notable that the star forming zones along the bar are less prominent in U-I than in Hα, an effect undoubtedly due to differential extinction by the dust concentration along the bar. Any similar effect along the arms is not appreciable, because of the displacement of the dust lanes towards the edges of the arms, i.e. away from the star formation zones, (cf. Fig. 10 ) and because the dust optical depth is in any case less in the disc than in the bar. We can infer that as the U extinction in the arms is small, that at Hα it can be safely neglected when constructing the LF's. The effect of the dust in the bar can be seen in Fig. 10 where stronger dust absorption yields blacker tones in the image, as expected from an I-K representation, since K is much less affected by dust than I. The dust along the bar covers the centre ridge where the star formation is occurring, and although it is displaced in position angle from the line of maximum emission in Hα (comparing Fig. 10 with Fig. 1 or with Fig. 8 ), it covers the nuclear zone, and the zones of maximum star formation, where it reduces the U intensity significantly; the Hα along the bar is much less affected by this extinction, due to the wavelength difference U-Hα as would be expected. In fact we can use the U-I and Hα maps to make a first order estimate of the extinction along the bar at Hα, above the Hii regions observed. This does not exceed one stellar magnitude in the densest portion of the bar dust lane, and in general will affect the measured Hα luminosity of the bar Hii regions by less than 0.2 dex, i.e. by less than a bin width in Fig. 3 . The total number of Hii regions affected by the bar dust is small, but five of the most prominent have measured luminosities above the log L Hα = 38.6 erg s −1 break. These are well specified, and only two at the most could be shifted into a higher luminosity bin as a result of dust extinction, so although the slope of the upper part of the LF in Fig. 3 would be very slightly affected, the net resulting error is very small indeed, and has not been included in Fig. 3 .
In Fig. 10 we can see that the dust distribution along the two spiral arms is more symmetric than the emission distribution in Hα or in U-I, indicating that the neutral interstellar medium is a cleaner indicator of the underlying two-armed spiral structure than is the star formation distribution. Of particular interest is the overlay of I on Hα in Fig. 8 , where we can see clearly that there is a lag in position angle between the bar in Hα and the bar in I. The morphology of the bar in the I image is that of the full underlying stellar population, while that in Hα follows current massive star formation, which is favoured along the leading edge of the bar at either side of the nucleus, with a projected cross-over at the nucleus itself. In fact the bar isophotes are twisted, so that the position-angle lag between I and Hα is an increasing function of isophote major axis length, because the I light closer to the nucleus must contain a component from the red supergiants in the young population, and farther from the nucleus begins to take in some emission from the young arm population. A similar position angle lag, due to the massive star formation at the leading edge of the bar, is seen between the bar in the I image and in the U image, as represented in the overlay in Fig. 9 .
Physical properties
We calculated the emission measure, Em, via the standard theoretical formula relating this to the Hα surface brightness (Spitzer 1978) , assuming that the recombination lines are formed under case B conditions (Osterbrock 1974 ). We used a standard temperature of 10 4 K in this calculation. This computation was performed for 21 regions, covering the full range of observed radii, and chosen to be isolated from other Hii regions, so that the uncertainties in calculating their parameters due to possible overlap with other regions were less than 10%. The results are plotted in Fig. 11 . Values are given in Table 2 where the luminosity, radius, and emission measure are given, as well as the electron density derived from Em, for all the selected regions. In Fig. 12 we plot the rms electron densities against Hii region radius, while in Fig. 13 we have plotted these rms electron densities against Hα luminosity.
The general ranges and trends of Em and N e rms for NGC 3359 fit broadly into the pattern found by Kennicutt (1984) , and by ourselves (Rozas et al. 1996b , Rozas et al. 1999a for extragalactic Hii regions. Observational selection causes these to be more luminous and larger than the average Galactic Hii region. Kennicutt first showed that the electron densities in the largest Hii regions are of the order of a few cm −3 , which is comparable with that of the diffuse interstellar medium in general. This is plausible, since the OB associations in their centres can ionize very large volumes whose mean matter density is not very high. The measured values of N e rms vary within a range of a factor 2 over the full luminosity range of some two orders of magnitude for the set of regions selected. The scatter is high within this range, but there is a trend to somewhat higher values of N e rms at the highest luminosities. This increase is consistent with models in which there is a change of regime from ionization bounding to density bounding at luminosities higher than 10 38.6 erg s −1 , hypothesized in Rozas et al. 1996b , and Rozas et al. 1998 . The values of N e rms , differ from the values found for the central densities of Hii regions (Rozas et al. 1998 ) by two orders of magnitude, but if we assume gaussian internal density distributions and weighting the densities as shown in Table 2 of Rozas et al. (1998) , by volume, using the diameters determined here, we find mean electron densities within 20% of the values found here.
To infer the uncertainties in the values of Em and N e rms we estimate the effects of the errors in the determination of the radius and flux of an Hii region. Although most of the Hii regions in the catalogue are not good projected circles, and it is not too easy in general, to determine the uncertainty in the determination of the radius, this is not the case for the regions selected in the sample, which have nearly circular perimeters, and are certainly close to spherical in form. The error in the determination of the radius is 0.5 pixel, and the uncertainty in the flux determination is of the order of the flux in the outermost ring of the region, with width 0.5 pixel and the radius of the region. These yield relative uncertainties in Em of up to 50% for the smallest, faintest regions (log L Hα < 37 in erg s −1 ), below the completeness limit of the LF, and up to 10% in the more luminous Hii regions. For N e rms the resulting uncertainty is between 40% and 50% for faint regions, and decreases to well below 10% as the luminosity reaches values typical of brighter Hii regions. Table 2 . Catalogue number of the Hii regions, radii, luminosities, emission measures, rms electron densities, filling factors, masses of ionized gas, log of the number of Lyman-α photons s −1 necessary to ionize this gas and equivalent number of O5V stars for each selected Hii region. In order to calculate the filling factor we need, as well as the rms electron density, N e rms , values of the in situ electron density N e for any Hii region. We have not measured these values in NGC 3359, but used a "canonical" mean value of 135 cm −3 obtained by Zaritsky et al. (1994) for 42 Hii regions in a large sample of galaxies, using the intensity ratio of the forbidden S ii doublet λλ6717, 6731Å. The implicit model is that an Darker tones correspond to stronger dust extinction. The underlying two-armed spiral is better picked out in the dust than in star-formation zones (cf. Fig. 1 ).
Hii region is internally clumpy, so that the observed flux comes from a high density component, which occupies a fraction δ, the filling factor, of the total volume. The rest is filled with low density gas which makes a negligible contribution to the observed emission line strengths. The filling factors, computed using ( N e rms /N e ) 2 range from 2.7×10 −4 to 1.47×10 −3 , a range which coincides with those found for 5 galaxies in Rozas et al. 1996b . The electron density values can also be used to estimate the mass of ionized gas within an Hii region by integrating over the measured volume of the region, and multiplying by the mass of the hydrogen atom, using the formula:
The results are given in Table 2 for our selected Hii regions; the masses range from some 300 M to 1.6×10 5 M . In Table 2 we also give the rate of emission of Lyman continuum photons required to maintain the Hii regions ionized, assuming a Case B regime. We should point out here that the Lyman continuum luminosity of these most luminous Hii regions, which are density limited, will in fact be considerably higher than that estimated directly via their Hα fluxes. For Hii regions with log L Hα 39 (erg s −1 ) the escaping flux is in fact greater than the flux trapped within the region, and observed via the Hα emission. Finally we have used the estimates of Vacca, Garmany & Shull (1996) of the Lyc luminosity of stars as a function of their spectra type, to compute the equivalent number of O5V stars (emitting Lyc at a rate of 5×10 49 photons s −1 ) required to supply the luminosities of the Hii regions listed in Table 2 .
The diffuse Hα flux
Here we examine whether the rate of escape of ionizing photons from the Hii regions in NGC 3359, above all from the density bounded Hii regions of high luminosity, is sufficient to account for the ionization of the diffuse interstellar medium (ISM) outside the Hii regions which is detected via its Hα emission. In this galaxy the flux from the diffuse ionized gas (DIG) is a fairly high fraction of the Hα emission, up to 30% of the total emission from the galaxy (as we will see below). The test entails measuring the diffuse Hα flux, computing with our model the ionizing flux which escapes from the Hii regions, and comparing the two. If the latter is large, we can infer that there is at least a prima facie case for concluding that the diffuse flux is caused by ionization processes due to photons from OB stars leaking from the density-bounded luminous Hii regions. If we can go on to show a geometrical correlation between the postulated escaping flux and the measured diffuse flux, we can take this conclusion a step further and consolidate this hypothesis to explain the diffuse flux.
The total flux, and the diffuse flux: observational
The total Hα flux from NGC 3359 was measured by integrating the continuum-subtracted flux-calibrated Hα image over an elliptical area, with the inclination and position angles of the galaxy disc, then subtracting off a constant level estimated for the sky background integrated over this elliptical area. The result is L Hα (total) = (8.8±0.6)×10 40 erg s −1 . The principal source of error is the uncertainty in our determination of the sky level, which produces an uncertainty of 12% in L Hα (total). The other important source of error is the continuum subtraction, moreover, this error is smaller than the previous one: variations of the continuum subtraction scaling factor by ±5% (the maximun estimated error in this factor) lead to changes of the total Hα luminosity of ∼ 7%. Both errors are included in the results that we present in this subsection.
To measure the diffuse flux we need to take more than one approach, due to the difficulty of estimating the distribution of the diffuse emitting gas perpendicular to the plane of the galaxy, in particular in the regions surrounding the largest Hii regions. In the first method we used the equivalent areas of the Hii regions in the catalogue to prepare a masked image in which the Hα surface brightness was first set to zero in the zones occupied by the Hii regions. Integrating over the resulting image we obtained a measure of the diffuse flux. The implied assumption here is that where we observe an Hii region there is much less diffuse gas in the total emitting column above the galaxy disc, so that to a first approximation the diffuse emission here may be set to zero. In the second method, we used the same masked image but then, before integrating over the resulting image to obtain the total diffuse flux, we assigned a constant non-zero level to the masked areas. The idea here is than even above an Hii region there is still some diffuse emission. One simple approach is to fill in the blanks to a surface brightness value equivalent to the mean value of the diffuse brightness measured in the field surrounding each Hii region. This is technically simple, but while the use of total blanks in the first method must give a lower limit to the diffuse flux, filling the blanks fully at the level of the surrounding flux, as in the second method, will give an upper limit, since the Hii regions themselves occupy part of the emitting column, so the diffuse emission from above will be less than that from the surrounding plane. A previous study of diffuse Hα in disc galaxies by Ferguson et al. (1996) took the second approach, and their fractional Hα fluxes should be taken as upper limits, though clearly not extremely far from true estimates.
To obtain the lower limiting diffuse flux we integrated over the masked image (explained above) in which surface brightness was set to zero in the areas occupied by the catalogued Hii regions. To estimate the additional flux due to Hii regions below the completeness limit, we extrapolated the LF below L Hα = 10 37 erg s −1 , normalizing to the number measured in NGC 3359 at this luminosity, and following the curve of Walterbos & Braun (1992) , measured for M31 (the only galaxy for which this information is available) at lower luminosities, down to their observational limit of 10 35 erg s −1 . Any correction below this luminosity would be completely negligible. The difference between the integrated luminosity of the extrapolated LF to lower luminosities and the luminosity due to the catalogued Hii regions below the completeness limit was then subtracted from the integration of the masked image. Doing this directly gives us a lower limit to the diffuse flux of:
which can be used to compute a required rate of Lyc photons flowing into the diffuse medium, assuming case B and a temperature of 10 4 K, yielding L Lyc 1 = (1.2 ± 0.8) × 10 52 Lyc photons s −1 . An upper limiting value was found by removing the Hii regions, and refilling the spaces at a level computed by taking a 4 pixel-wide ring round each Hii region, and filling with the averaged counts in this ring. From the total integration over this new image we then subtracted the integrated luminosity from faint Hii regions (using the M31 LF) and the sky contribution. The upper limit thus obtained for the diffuse emission was
which converts to L Lyc 2 = (1.9 ± 0.9) × 10 52 Lyc photons s −1 . We should emphasize that to take this upper limit as a correct value is significantly to overestimate the diffuse component, because it is based on a totally plane geometry, in which the volume of the Hii regions is not taken into account. For the largest most luminous regions this assumption is particularly poor, as they occupy the major part of the column density above the plane, leaving relatively less for the diffuse component. The intermediate case, which can be taken as the best estimate for the DIG emission was obtained via a similar procedure to the upper limit, but instead of refilling the blanks left by the Hii regions with the flux averaged around each, they were filled in with the mean background averaged over the full disc. This will be a better approximation than the limiting cases, and gives a value of L Hα (DIG) 3 = (1.9 ± 1.3) × 10 40 erg s
which is produced by L Lyc 3 = (1.4 ± 1.0) × 10 52 Lyc photons s −1 .
As we can see from these results (Eqs. 3 to 5), the Hα emision of the diffuse ionized gas is between 20%-30% of the total Hα luminosity of the galaxy.
The ionizing flux escaping from the Hii regions
We can obtain an observational estimate of the ionizing flux which must be escaping from the Hii regions based on the hypothesis that above the observed luminosity log L Hα = 38.6 (erg s −1 ), the Strömgren luminosity, L Str , the Hii regions are density bounded. This is necessarily a slight simplification, because there will be some leak-out of photons from less luminous regions, and some fluctuations due to inhomogeneities in the degree of escape from the more luminous, but it allow us to make a first order estimate, within the theoretical framework given in Beckman et al. (2000) . We can, on this assumption, extrapolate the LF for NGC 3359, using its measured slope in the range below L Str , to give the predicted LF if all the Lyc photons produced within the Hii regions had been converted to Hα inside them. By then subtracting off the measured LF for the Hii regions observed with L>L Str , and integrating this difference, using L Hα = 10 40 erg s −1 as our upper limit, we obtain an estimate of the escaping flux, L esc . The result for NGC 3359 is:
which corresponds to a Lyman continuum flux of photons of 5.2× 10 52 Lyc photons s −1 . The fact that this initial estimate is bigger than the maximum estimate of the flux required to ionize the diffuse medium suggests that in NGC 3359 there are strong prima facie grounds for our hypothesis to be supported. The Lyc photon flux leaking from the density bounded Hii regions is more than enough to ionize the diffuse medium. The geometrical correlation between the positions of the density bounded Hii regions, and the observed diffuse Hα has been studied in pointing strongly to a causal link. Similar use of this type of evidence made by Ferguson et al. (1996) , and by Hoopes, Walterbos & Greenawalt (1996) , but without reference to specific density bounded Hii regions. To test the scenario in more depth, we will need to make detailed models in which the degree of clumping in the diffuse medium can be simulated, to see whether the mean free path can be long enough for the photons coming out of Hii regions can cause the geometrical distribution observed in the diffuse Hα. This should also be accompanied by geometrical analysis of a number of discs, to compare the predictions of a model with a Strömgren transition to those of models in which the clumpiness of all the regions gives rise to a more or less constant leak factor across the whole range of Hii region luminosities.
Conclusions
The main results of the present paper, where we use measured Hα flux to analyze the ionized gas of NGC 3359 are summarized below.
-Using a high quality continuum-subtracted Hα image of the grand-design spiral NGC 3359, we have catalogued a total of 547 Hii regions. The catalogue include positions, radii and Hα fluxes of all Hii regions. Tables containing all these data are available through CDS or directly from the authors. -The slope of the LF agrees broadly with slopes for other galaxies of comparable morphological types. -We have found a change in slope in the LF of the Hii regions of NGC 3359 that occurs at a luminosity close to that found in other galaxies of the same morphological type. -The integrated distribution function of the diameters can be well fitted by a exponential function for the galaxy analyzed. The value of the characteristic diameter lies within the range reported previously in the literature for galaxies of similar morphological types. -The characteristic scale size of the Hii regions of a galaxy depends on the absolute luminosity of the galaxy; it is larger for more luminous galaxies (Hodge 1987) . The result for NGC 3359 agrees with the fit presented by Hodge. -The largest fraction of ionized gas is found along the arms and in a set of high brightness star formation region on the bar. There is also a significant component of diffuse emission throughout the entire disc. The scale length in Hα is 2.3 kpc. -The U-I map defines the detailed locations of SF. In this colour map we can see elongated segments of SF together "hot spots" which compose each segment, divided by the dust, because the I-K image shows most clearly a spiral delineated by the strong dust lanes running along the arms. -The analysis of the K image confirms its symmetry; this indicates that the overall morphology observed in the NIR is dominated by a global density wave. This is not so clear in the Hα image: the SF is occurring in a more stochastic way. -The densities, filling factors, masses, and ionization indices derived from the luminosities and sizes of a selected set of representative Hii regions, through the range of observed luminosities for NGC 3359, are in agreement with those found in the previous literature on extragalactic Hii regions. -The electron densities encountered are moderately low, with values always less than 10 cm −3 , of the order of mean interstellar number densities in galaxies.
-The diffuse flux from the ISM of NGC 3359 has been calculated by three methods to avoid the observational problems inherent in observing any galaxy projected in a plane and due to crowding effects. We have found that the diffuse flux in Hα is a high fraction, between 20%-30% of L Hα (total). -With the assumption that the most luminous Hii regions, those with L>10 38.6 erg s −1 , are density bounded, they are likely to be the main ionizing sources of the interstellar medium, since the calculated leak-out of Lyc photons from these Hii regions is enough to ionize the diffuse medium in this galaxy. This excess is especially important here since a significant fraction of these photons will not be absorbed within the galaxy and must escape into the intergalactic medium.
